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Motivation

B IR
* planets form in protoplanetary disks — search for evidence

e dust grain growth, settling A decreased emission credit: C.R. O'Dell (Rice Univ.),
e inner disk holes > from dust in the
e disk gaps ) inner disk

(e image planets in disks)

30 Farth mass plonets

Saturn-mass planet Jupiter-mass planet
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s 85 cm telescope
s three scientific instruments:
¢ Infrared Array Camera (IRAC):
imaging at 3.6, 4.5, 5.8 and 8 ym
e Multiband Imaging Photometer (MIPS):
imaging at 24, 70, 160 pm
e Infrared Spectrograph (IRS):
low-resolution spectra: 5-38 pym;
medium-resolution spectra: 10-37 ym
s launched in August 2003
% cryogen depleted on May 15, 2009
— only IRAC band 1 and 2 operational today
¢ heliocentric (Earth-trailing) orbit
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August 25, 2003
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Visible [VLT)

Infrared
IRAC 3.6 ym, 4.5 ym, 8 ym

Protostellar Jet in BHR 71 Dark Cloud

NASA / JPL-Caltech / T. Bourke [Harvard-Smithsonian CfA)

Barnard 30: IRAC 4.5 and 8 ym, MIPS 24 |
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P g e o 1" g " I;_ & :' Star Formation in the Rho Ophiuchi Cloud Spitzer Space Telescope * IRAC * MIPS
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dissipation of primordial disk material = decrease of infrared excess over time
% accretion of material onto the star
% grain growth and settling towards the midplane

— SED slope becomes steeper, silicate feature becomes weaker,
infrared excess decreases

% MRI-induced inner disk draining
= mass accreted from the inner disk wall; disk dissipated from inside out
% photoevaporation

— mass lost due to photoevaporative flow; low mass accretion rate and
very low disk mass (depend on Ly); formation of an inner disk hole

s formation of larger bodies, planets

% core accretion (several Myr)
* disk gravitational instabilities (<1000 years)

= grain growth, disk gap/hole formation,
remnant mass accretion and outer disk ¥

¢ optically thin (debris) disk

= no mass accretion, very low disk mass - -
and very small infrared luminosity




O disk fraction from JHKL

@ disk fraction from

Spitzer (IRAC+MIPS)
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AFy (scaled)

“astronomical
silicates”:

0.1, 1, 2.5, 4,
6.3 um grains

Galactic

20
Wavelength (pum)

depletion of small grains in the
disk atmosphere by factors of
10 (¢=0.1),
100 (€=0.01),
1000 (£=0.001)
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dispersion in individual system’s dust properties
= no steady dust processing and evolution
— radial mixing; turbulence; planet formation clearing processed dust
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Accretion Disk Models
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Ophiuchus
(core)

EW(10 pm) [um]

depletion of small dust o ”.OIpr.\iuclh.Ll.l ]
grains in upper disk layers (off core) 3
by factors of 100-1000 :
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Ophiuchus Taurus
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[Cs]
2o}

Ophiuchu
(off core)

Chamaeleon |

AN AREREERRRRRREERN

~2 Myr

3 4 5 6 7 8 9 10 11 12
EW(10 um) [um] EW(10 pm) [pum]

o}




vF, (erg s™'cm™)

\ GM Aur x 3.0

T T =TT
”

CoKu Tau 4

DM Tou x 0.5

T =TT T LT LT

Wavelength (um)

IIIIIWIII\III
GM_Aur

|
—
o
T

06 08 1 12 12 14 Calvetetal

(2005)

_.
&
w

g AF, (erg cm™ s7')
I

lo
|
.y
-
(9]

N T AN
e large excess > 8 um, steep SED rise
— single-temperature blackbody
o little/no excess < 8 ym
— small dust grains are depleted
from the inner regions of the disk
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fraction of transitional disks:

a few % at an age of 1-2 Myr,

but ~15-20 % at an age of >3 Myr

= slower transition timescale for older
(>3 Myr) — and lower-mass — objects?
— different disk clearing mechanisms

Furlan et al. (2009a), Muzerolle et al. (2010)
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decrease of infrared excess over time
— accretion of material onto star

— grain growth and settling towards midplane disk clearing from inside out

— planet formation >
SN photoevaporation } inner disk hole with
— MRI-induced inner disk draining ) a sharp edge

core accretion
~ a few Myr

[ planet formation ]

gravitational

<1 Myr

grain growth,

settling disk
massive disk accretion

instability (Mgisk > ~ 0.1 M)

< 1000 yr

: : : remnant mass
[MRl disk clearmg] remnant outer disk

~ 1 Myr
.. : very low/no mass
vanishing outer disk Y .
accretion
remnant outer disk remnant mass
accretion
close binary Jlie=—==""stable circumbinary disk

[ photoevaporation ]
~ 0.1 Myr
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37 AU hole
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fraction of EW(10 pm) outliers: 20-30 % at an age of 1-2 Myr
— evidence for disk gaps and planet formation?
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m=) final disk dissipation stage? ok
— accreting at very low or variable levels? ,
— not accreting, short-lived remaining dusty disks?
— optically thick disks or optically thin disks?
— grain growth and settling?
— inner disk hole formation?

. . _— _ . _ 900 (Cieza et al. 2007,
WTTS disk fractions in 1-3 Myr-old clusters (based on IRAC): ~ 20% Wahhaj et al. 2010)

WTTS disk fraction in IC 348 (2-3 Myr old) (based on IRAC): ~35% (Lada et al. 2006)

(1-2 Myr old, ~ 350 YSOs):
~200 T Tauri stars with infrared excesses (at < 24 pm) and Spitzer data
(151 of which have 5-37 pym IRS spectra):
68% are CTTS, , 18% are not classified

(~ 2 Myr old, ~ 200 YSOs):
~100 T Tauri stars with infrared excesses (at < 24 pm) and Spitzer data
(88 of which have 5-37 pm IRS spectra):
56% are CTTS, , 15% are not classified
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WTTS in with infrared excesses
— low near-IR excess (< 6 ym),
weaker excess than CTTS

at all wavelengths
— depletion of disk material,
especially in the inner disk
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CoKu Tou/3

flux excess above
the photosphere at 5.5,
13.5, and 31.0 pm
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_ _ median CTTS
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Tl SN

<KOKO K1 K2 K3 K4 K5 K6 K7 MO M1 M2 M3 M4 M5 M6>M6
Spectral Type
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cold dust com|'30nent'
(median = 133 K)

warm dust component

/ (median = 656 K)
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Blockbody temperalures []

small (sub-pm) amorphous silicates of
olivine and pyroxene composition

0-10 10~2p 20~3p J0-4g 40~509 S0-gp 50--? 70~gg 80~gg S0~
0 S?umor"ﬂous grains mass lractlons (%? o0

large (5 ym, porous) amorphous silicates

of olivine and pyroxene composition

0-19 10-2¢ 20~3¢ 30-49 40~50 0~60 60~79 70~8p 80~gp 90-10p

Lorge amorphous grains mass fractions (%)

crystalline silicates ;
(enstatite, forsterite, silica) 7

0-10 10-20 20-39 30-49 40~50 S0-60 60~79 70~gp 80~gp 90-10g
Crystalline grains mass froctions (%)

= most WTTS: < 10% mass fractions of large and crystalline grains
— mid-infrared emission is dominated by small grains and blackbody emission
(i.e., optically thick continuum or featureless emission from optically thin grains)
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Model (scaled by 1.5)
0.2 M,

Mgee=10""" My, yr™',
€=0.01, i=20°

Model (scaled by 0.65)
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Moee=10-'o Mqun yr“,
€=0.01, i=40°
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» Disk evolution in 1-3 Myr-old primoridal k
disks: mid-infrared spectra reveal |

and in the - g
inner disk (out to a few AU). R
> Dust settling implies a :

by a factor of 100-1000.

> are likely formed by different mechanisms
(photoevaporation; MRI-induced disk draining; planet formation),
while suggest ;
they could be precursors of transitional disks.

> have lower excess emission at
infrared wavelengths; they comprise transitional disks, optically thin
disks, and settled, optically thick disks. They are probably at a

than classical T Tauri stars.

» Disks likely undergo , some without the
formation of an inner disk hole.
— Does the path depend on the stellar/disk mass?
— Dynamic disk evolution (turbulence, planet formation events)?

BT Credit: NASA/JPL-Caltech/T. Pyle (S5C)



